Electrochemical characteristics of nitrite ion were investigated at a poly(methylene blue)-modified glassy carbon electrode by cyclic voltammetry and differential pulse voltammetry. The poly(methylene blue)-modified glassy carbon electrode exhibited enhanced anodic signals for nitrite. The effects of key parameters on the detection of nitrite were evaluated at the modified electrode, such as pH, accumulation time, and scan rate. Under optimum condition, the chemically modified electrode can detect nitrite in the concentration range 2.0 × 10 −6 to 5.0 × 10 −4 M with the detection limit of 2.0 × 10 −6 M and a correlation coefficient of 0.999. The detection of nitrite using the chemically modified electrode was not affected by common ions such as Na
Introduction
Nitrite (NO 2 − ) is widespread in natural environment and food because it is commonly used as food preservative.
1
Excess of nitrite in the human blood could be toxic because nitrite can interact with amine to form carcinogenic nitrosoamines.
2 Therefore, it is important to strictly control the nitrite content in food for keeping the human health. Many methods such as spectrophotometry, 3, 4 chromatography, 5, 6 and electrochemical sensors, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have been developed for nitrite determination. Among those methods, electrochemical methods are most favorable in terms of simplicity, speed, and cost effectiveness. The electrochemical detection methods of nitrite are based on either oxidation or reduction. The reductive detection methods of nitrite are poor in sensitivity and are susceptible to the interference such as reductions of nitrate (NO 3 − ) and molecular oxygen. 11 The electrochemical oxidation of nitrite at bare electrodes commonly requires high over-potential and the electrode is also poisoned by the species formed during the oxidation process. Therefore, chemical modifications of electrode surface have been widely tried in order to decrease the overpotential and increase the sensitivity for the nitrite oxidation. Among the various modification methods, chemically modified electrodes based on metal complex, 7-9 functionalized electropolymerized films 10 or composite films containing carbon nanotubes [11] [12] [13] [14] are most widely studied. Although aforementioned methods for the preparation of chemically modified electrodes are effective, new fabrication schemes providing improved sensitivity, selectivity and long-term stability are highly desired to broaden the application of electrochemical nitrite sensors in analytical sciences. Here, we report on a simple electrochemical nitrite sensor based on poly(methylene blue)-modified glassy carbon electrode. The poly(methylene blue)-modified electrodes are well known and commonly used as an electrocatalyst or electron transfer mediator.
17-19
The poly(methylene blue)-modified electrode can be easily prepared by simple electrochemical process. In the present work, the electrochemical behavior of the poly(methylene blue)-modified electrode towards nitrite oxidation have been characterized for the first time. Furthermore, the attractive analytical performance of the present electrochemical nitrite sensor has been evaluated in terms of response time, sensitivity, and long-term stability relative to the other electrochemical nitrite sensor. Finally, the present electrochemical sensor was applied to the determination of nitrite in a cabbage sample since cabbage is one of the main materials for fruit juice and it has known to contain a high concentration of nitrite.
Experimental
Reagents. All chemicals were analytical grade and were used as supplied without further purification. Methylene blue (MB), sodium nitrite, potassium dihydrogen phosphate, potassium hydrogen phosphate, citrate acid, sodium nitrate and ethanol were purchased from Tianjin Kermel Chemical Reagent Co., Ltd (Tianjin, China). A series of buffer having different pH values were prepared form disodium hydrogen phosphate-citrate acid buffer (DPCBS). Deionized water was purchased from Xuefeng Water Treatment Company (Zhengzhou, China). All experiments were carried out at room temperature.
Instrumentation. All electrochemical experiments were performed with a CHI760C electrochemical workstation (Shanghai Chenhua Instruments, Shanghai, China) connected to a computer. The classical three-electrode system consisted of a KCl saturated Ag/AgCl electrode as the reference electrode, a platinum electrode as the auxiliary electrode, and a poly(methylene blue)-modified glassy carbon (GC) electrode (d = 2.0 mm or 3.0 mm) as the working electrode.
Preparation of Poly(Methylene Blue)-Modified Electrode. A GC disk electrode (Tokai Carbon, Japan) was consecutively polished with aqueous alumina slurries of 1.0, 0.3 and 0.05 μm until mirror finish. Electrode was thoroughly rinsed with water in each polishing step. The polished electrode was sonicated in ethanol and deionized water, respectively for 5 min and dried at room temperature. The methylene blue was electropolymerized from 1.0 mM methylene blue solution prepared in 2.5 × 10 −2 M phosphate buffer solution (pH = 6.8) by cycling the electrode potential from −1.00 and +0.60 V at a scan rate of 100 mV/sec according to the literature. 17 The thickness of the polymer was controlled by the number of potential cycling. After electropolymerization, the electrodes were thoroughly rinsed with buffer to remove any remaining monomeric methylene blue. When not in use, the electrode was stored in deionized water.
Real Sample Test. GC/MB electrodes have been used to quantify nitrite in a real sample. Cabbage was purchased in a local supermarket, which was cut into little pieces. Cabbage (1000 g) was placed in a mortar, then grinded into pulp. The pulp was placed in disodium hydrogen phosphate -citric acid buffer (pH = 3.81) overnight. The solution was consecutively filtered with gauze, filter paper, and 0.22 μm micropore membrane. The filtrate was electrochemically detected.
Results and Discussion
Electrochemical Oxidation of Nitrite. The poly(methylene blue)-modified electrode was prepared from 1.0 mM monomeric methylene blue solution by cycling the electrode potential from −1.00 and +0.60 V at a scan rate of 100 mV/ sec in 2.5 × 10 −2 M phosphate buffer according to the literature. 17 As shown in Figure 1 , the growth of the polymer film was confirmed by a decrease in the redox waves at −0.05 V and −0.24 V for the monomeric methylene blue and by an increase in the redox waves at 0.05 V and −0.04 V for the poly(methylene blue) film. . 20 While at the poly(methylene blue)-modified GC electrode, irreversible oxidation peak potential was shifited to lower potential at 0.81 V and the the anodic peak current obviously increased at least twice larger than that obtained at a bare GC electrode. The decrease in overpotential and the increase in the peak current indicate that the poly(methylene blue)-modified GC electrode can efficiently promote the electrooxidation of nitrite as reported previously for NADH in the literature.
In addition, the enhancement of the oxidation current of nitrite could be partly attributed to the preconcentration capability of the poly(methylene blue)-modified GC electrode towards nitrite. Since two amino groups of the methylene blue possess pK a values in the range 4.5-6.0, 17 the poly-(methylene blue) is positively charged in acidic solution. Therefore, the positively charged poly(methylene blue) film on GC electrode attracts the negatively charged nitrite ion (NO 2 − ) via electrostatic interaction and thus it is possible to accumlate nitrite ions on the electrode surface.
The number of potential cycling in the preparation poly(methylene blue)-modified GC electrode has affected the oxidation signal for nitrite. The optimum number of potential cycling was found to be 10, in that case the poly(methylene blue)-modified GC electrode exhibited the largest oxidation current for nitrite solution. Further potential cycling (more than 20 cycles) did not increase the electrochemical signal, but rather slightly decreased them.
Effect of pH. The effect of pH on the current response of nitrite has been examined. As shown in Figure 3 , the oxidation peak current is greatly affected by buffer solution pH. The oxidation peak current increases with the increase of pH from 2.0 to 3.8 and the highest current is observed at around pH 3.8. Then, the oxidation peak current slowly decrease with the increase of pH in the range up to pH 6.5. The results indicate that the poly(methylene blue) film on GC electrode is positively charged at pH 3.8 and thus attracts the negatively charged nitrite ion but the poly(methylene blue) film on GC electrode is not so stable in strong acidic conditions at pH below 3.8. Therefore, all the subsequent experiments are carried out in phosphate buffer at pH 3.8.
Effect of Accumulation Time. Since the enhancement of the oxidation peak current is related to the the preconcentration capability of the poly(methylene blue)-modified GC electrode towards nitrite, the accumulation time can strongly affects the current signal. The poly(methylene blue)-modified GC electrode has been soaked into the nitrite solution for the accumulation. As shown in Figure 4 , the oxidation peak current of nitrite ion remarkably increases with the increase of accumulation time up to 45 s and then the peak reaches a platau after 45 s, which indicates that the accumulation process is so rapid and effective. In all the subsequent experiments, the accumulation time was 45 s.
Scan Rate Study. The effect of pH on the oxidation peak current of nitrite has been examined. Figure 5 exhibits the cyclic voltammograms of nitrilte ion obtained on the poly(methylene blue)-modified GC electrodes in phosphate buffer (pH 3.81) at different scan rates ranging from 10 mV to 70 mV. As the scan rate increases, the oxidation current increase. The increase in the oxidation peak current is linearly dependent upon the scan rate (v) with the equation: I p = −0.130 v -7.38, r = 0.992 (graph is not shown). It can be inferred that the current is adsorption-controlled current. It is also indicats that the negatively charged nitrite ion is effectivly accumulated within the positively charged poly(methylene blue) film on GC electrode surface. While, when the scan study is carried out in the relative high scan rate ranging 100 mV to 700 mV, the increase in the oxidation peak current is linearly dependent upon the square root of scan rate (v) with the equation: I p = −0.225 v -0.406, r = 0.983 (graph is not shown). It can be inferred that the current is typical diffusion-controlled current in high scan region.
Response Characteristics. The oxidation peak current obtianed with differential pulse voltammetry (DPV) has been used to construct the calibration curve of nitrite standard solution. DPV conditions were 25 mV pulse height, 4.0 mV step height and 15 Hz frequency. As shown in , r = 0.999). The detection limit (S/N = 3) for nitrite is 2.00 × 10 −6 M. The linear dynamic range and detection limit obtained at the present poly(methylene blue)-modified GC electrode without the incorporation of nanostructured materials are clearly comparable to those reported in the literature, [7] [8] [9] [10] [11] [12] [13] [14] which is a distinctive advantage of the present method.
The possible interference from several common ions in the detection of nitrite ion was tested by adding various ions into the 0.5 mM nitrite solution in phosphate buffer solution at pH 3.8. The concentrations of tested interference ions are 100-fold higher than that of nitrite. The tested results show that most common ions such as Na Table 1 . While, in the presence of 5-fold higer concentration of nitrate ion, the electrochemical response of the nitrite is 25% higher than that in the absence of nitrate ion, which could be attributed the conversion of unstable nitrate into nitrite leading to the increased local concentration of nitrite in solution.
The present poly(methylene blue)-modified glassy carbon electrode was quite stable for 2 month period without significant signal drop when it stored in phosphate buffer solution (pH 6.8) at 4 o C. Determination of Nitrite in Real Samples. The present method was appplied to the determination of nitrite in the cabbage samples. The cabbage was cut into little pieces and 1000 g of the cabbage was crushed in a mortar. The crushed cabbage was mixed with 250 mL of disodium hydrogen phosphate-citric acid buffer (pH = 3.8) and then shaken gently overnight. The sample was filtered with gauze, filter paper, and finally with 0.22 μm micropore membrane filter. The filtrate was then analyzed. Standard addition method was used in the determination of nitrite in the cabbage samples. The concentration of cabbage samples are found to be 1.09 ± 0.03 mg/kg (n = 5). This result is quite similar to the previously reported value. 21 In addiiton, the present method was quite reproducible with the relative standard deviation of 2.97%.
Conclusions
The poly(methylene blue)-modified glassy carbon electrode has been used for a highly sensitive and selective electrochemical determination of nitrite in cabbage samples. Due to the preconcentration effect and electrocatalytic activity of the poly(methylene blue) film towards nitrite ion, the present nitrite sensor exhibited the increased electrochemical response. Thus, the present nitrite sensor based on the poly(methylene blue)-modified glassy carbon electrode displayed a reasonably good sensitivity along with a detection limit (S/N = 3) of 2.0 × 10 −6 M without a complicated incorporation of CNT or nanoparticles. Moreover, the present nitrite sensor is almost free from the interference by common ions such as sodium ion, potassium ion, calcium ion, chloride ion, and phosphate ion. The sensitivity of the present nitrite sensor along with its good selectivity and reproducibility might allow us for its potential use in the determination of nitrite in food and environmental samples. 
